Imaging in small animal models of lung disease is challenging, as existing technologies are limited either by resolution or by the terminal nature of the imaging approach. Here, we describe the current state of small animal lung imaging, the technological advances of laboratory-sourced phase contrast X-ray imaging, and the application of this novel technology and its attendant image analysis techniques to the in vivo imaging of the large airways and pulmonary vasculature in murine models of lung health and disease.
Small animal lung imaging
Small animal models are critical to understanding the underlying molecular mechanisms of lung diseases and for testing potential therapeutic agents. Models of emphysema, 1,2 pulmonary hypertension (PH), [3] [4] [5] [6] [7] [8] acute lung injury, [9] [10] [11] [12] pulmonary fibrosis, 13, 14 and others have been developed that mimic the physiology and pathology of the human diseases. However, physiologic read-outs-such as pulmonary function tests-or post-mortem assessments-such as isolated perfused lung techniques, histology, and bronchoalveolar lavage-do not reflect the full spectrum of the disease process. These measures are either insensitive to focal lesions or early disease (pulmonary function tests) or require sacrifice of the animal to obtain data and therefore preclude longitudinal assessment (histology, isolated perfused lung, bronchoalveolar lavage).
Recently, in vivo imaging techniques have emerged as an important adjunct methodology in small animal research on lung diseases, as these methods allow measurements in the same animals over time or in response to therapy. For example, bioluminescence imaging takes advantage of the enzyme luciferase: when the substrate luciferin is present, it causes visible light to be emitted that can be detected through several centimeters of tissue. Luciferase can be introduced as a reporter gene under a promoter of interest or as an ubiquitously expressed enzyme in a cell type of interest. For example, Blackwell et al. engineered a transgenic line of mice with a promoter that is highly responsive to NF-kB activity (HIV-1 long terminal repeat) to drive the expression of Photinus luciferase. 15, 16 Using this strain, they were able to characterize NF-kB activation in real time and over time in the lungs in response to systemic lipopolysaccharide (LPS), 4 Pseudomonas aeruginosa pneumonia, 17 and tumor metastases. 18 Bioluminescence imaging can also be used with lung cancer cell lines and bacteria expressing luciferase to track tumor growth, infections, and responses to therapies. 16, 19, 20 Limitations of detecting luciferase-generated photons (500-700 nm wavelength) include relatively poor spatial resolution due to light scattering in tissues 21, 22 and weak tissue penetration related to photon adsorption, resulting in approximately tenfold signal attenuation per cm of tissue. 16, 22 Nevertheless, bioluminescence imaging confers several powerful advantages-including the ability to image the same animals over time with repeated injections of the non-toxic substrate luciferin and the use of reporter gene strategies. Furthermore, further advances are expected as detectors and analysis methods improve.
Micro-computed tomography (micro-CT) imaging uses a cone-beam X-ray source and two-dimensional (2D) detector, with the sample or the source and detector rotated through 360
. Micro-CT scanners have a much smaller field of view (typically 1-5 cm wide) in comparison to clinical CT scanners which are targeted towards full human body scans (30-40 cm in width). Because of the smaller field of view, micro-CT scanners are more sensitive to X-ray energy compared to clinical scanners. 23 Image quality in CT scans is highly dependent on the target area (spot size) over which the electron beam interacts. Specifically, for lung imaging, as spot size increases, the amount of speckle in the acquired images is reduced and eventually results in a smooth image without distinct surface boundaries. 24 Most laboratory-based micro-CT scanners utilize fixed microfocus X-ray targets with spot sizes as small as 5 mm. 25 The ability to modify the cone-beam propagation distance to adjust magnification in combination with microfocus of the electron beam allows for micro-CT scanners to produce significantly higher spatial resolutions over conventional CT scanners, to the order of 20-100 mm. 23, 26 Several hundred images are captured during a micro-CT scan from different angular views that are interpolated across different planes to produce a three-dimensional (3D) volume through which cross-sectional slices can be taken. The angular projections acquired during micro-CT scans require image reconstruction through a processing algorithm (filtered back projection) which incorporates the angles of each image to reconstruct the original object being imaged. 27, 28 Micro-CT and post-acquisition image analysis algorithms are widely used in murine and rat models of emphysema and pulmonary fibrosis, and are able to detect changes in lung density over the respiratory cycle as well as over days to weeks from the induction of lung disease. [29] [30] [31] [32] [33] The advantages of micro-CT imaging include the high resolution, quantitative 3D reconstructions of lung anatomy 34 and the ability to perform inspiratory and expiratory scans to determine air trapping and density assessments that correlate with degrees of disease. 32, 35, 36 Limitations to micro-CT imaging include relatively poor soft-tissue contrast, cardiac and respiratory motion artifact-although advances in cardiac and respiratory gating techniques have reduced this effect 28, 32 -and a potential adverse impact of repeated radiation exposure in susceptible strains of mice. 34 An excellent 2014 review of small animal micro-CT imaging by Clark and Badea discusses the technology and its applications in depth. 28 Other techniques such as hyperpolarized magnetic resonance imaging (HP MRI) and micro-positron emission tomography (micro-PET) imaging can provide unique functional and metabolic information about the state of diseased lungs. Dr. Rizi's group, for example, used HP MRI to determine the apparent diffusion coefficient in rat models of emphysema as a non-invasive measure of airspace enlargement, 37 as well as to measure lactate-to-pyruvate ratios in a rat model of acute lung injury. 38 Micro-PET, with a resolution of 1-1.4 mm, 26, 39 has been used in mice to detect lung metastases 26 and to measure glucose uptake in a model of acute lung injury, 40 to name just a few examples. These techniques require specialized facilities to generate tracers and sophisticated analysis by experts in the field.
Finally, confocal and two-photon microscopy have allowed for elegant and detailed studies of alveolar epithelial-endothelial interactions and immune cell migration and inter-cellular dynamics in the lungs of live mice via either a thoracic window or isolated blood-perfused lungs, [41] [42] [43] [44] [45] [46] [47] as well as calcium wave propagation and oxygen saturation mapping. [48] [49] [50] These techniques have resolutions of < 1 mm 43 and provide unique information unobtainable by non-invasive imaging modalities, but by their nature are not able to provide global read-outs of the lung function or responses to treatment. Table 1 compares some of the advantages and limitations of current small animal imaging lung imaging technologies.
Quantitative imaging of the pulmonary vasculature in small animal studies has been more challenging. Contrast agents can be injected intravenously for in vivo imaging, 51 but are cleared quickly and require catheter placement, which can be time-consuming and physiologically stressful. Moreover, this approach prevents repeat imaging in the same animal over days to weeks and requires synchrotron radiation for high-resolution images to be obtained. 52, 53 Detailed imaging of the vasculature in mice has therefore largely relied upon in vivo resin instillation and ex vivo imaging of individual lobes using highresolution micro-CT. 30, 34, [54] [55] [56] Single-photon emission computed tomography (SPECT) imaging has been able to estimate ventilation/perfusion ratios with some success, 57 although low resolution of around 1.3 mm is an inherent limitation of the technique. 26 Another approach is to inject fluorescent microspheres, either of different sizes or at different times, and analyze the patterns of deposition to determine patterns of pulmonary blood flow in response to stimuli. 58 This technique, while able to capture changes in regional pulmonary blood flow over the course of an experiment, ultimately requires animal sacrifice at the end of the experiment to analyze microsphere deposition, precluding long-term assessments in the same animal. Finally, echocardiography can be used to measure the effects of pulmonary vascular disease such as PH on right ventricular remodeling. 59 However, none of these techniques permit high-resolution, quantitative measurements of the vasculature in small animal models of lung disease over time in the same animal.
Therefore, although significant recent advances in small animal in vivo lung imaging techniques have allowed researchers to characterize lung structure, function, and metabolism to a much greater extent than in prior decades, there is still room for improvement, particularly in the realm of high-resolution imaging of lung structures and regional tissue motion characterization over the respiratory cycle. Phase contrast X-ray imaging is a unique form of X-ray imaging that is enhanced by the multiple air-tissue interfaces found in the lungs. This technique generates granular images of the lungs in small animals with a resolution of approximately 10 mm. 60, 61 Because it requires highly coherent X-rays, phase contrast X-ray imaging could previously only be performed in a synchrotron; however, recent advances have made it possible to perform this imaging in a laboratory setting. 62 Here, we describe the technology behind this approach and how we have applied it to obtain detailed, quantitative images of the pulmonary vasculature and changes in upper airway motion due to mechanical ventilation in live mice.
Phase contrast X-ray technology X-ray imaging typically consists of electromagnetic radiation traveling in waves which pass through various tissues in the body. The interaction between X-rays and tissue results in electromagnetic radiation being absorbed by some tissues and refracted by others. As X-rays interact with different tissues, both the amplitude (attenuation) and phase of the X-ray wave are altered (Fig. 1) . Although attenuation-based X-ray imaging is most common in both clinical and pre-clinical studies, this approach yields limited contrast and has restrictive resolution for soft tissue imaging. X-ray phase shift is more effective in less absorbant tissues with air-tissue interfaces such as the lungs, resulting in increased image contrast and tissue edge detail (Fig. 2) . 63, 64 One of the challenges with phase contrast imaging is the reliance on an X-ray source that is both brilliant and highly coherent, 65 which previously required synchrontron-based sources. 62, 66 More recently, however, through the use of grated interferometry 67 and propagation-based X-ray sources, phase contrast imaging can be performed using laboratory sources. [68] [69] [70] This advance significantly expands researchers' ability to apply the highly detailed imaging capability of phase contrast X-rays to small animal models of lung disease.
Particle image velocimetry
The functional lung imaging described here is based on particle image velocimetry (PIV) on a laboratory X-ray source (Fig. 3) . Conventional PIV utilizes tracer particles to determine the velocity of the flow by comparing two images acquired with a known time differential. In the case of functional lung imaging, the speckled pattern of the lung tissue from phase contrast images is used to track the direction in which the lung tissue is moving. 71 This process is iteratively conducted across the entire lung, and a displacement and consequent velocity map can be calculated which shows lung tissue movement over time. 72 Segmentation and quantitative analysis of the murine pulmonary vasculature without IV contrast Phase contrast imaging in small animals generates highresolution data that permit sophisticated post-image acquisition analysis. In particular, it is possible to apply a method originally reported by Frangi et al. 73 to generate a 3D vascular tree from a CT scan performed without Fig. 2 . Mouse lung phase contrast X-ray. Differences between typical lung X-ray image (left) and phase shifted lung X-ray (right). Distinct increases in contrast and tissue boundary detail are shown due to the phase shift. Adapted with permission from Lewis et al. 64 ß Institute of Physics and Engineering in Medicine. Reproduced by permission of IOP Publishing. All rights reserved. Fig. 1 . X-ray phase shift. X-ray wave passing through an object results in a change in both attenuation and phase.
intravenous contrast. This method involves filtering data based on tissue densities and then growing the vessel structures based on the probability of an item of the correct density being part of a tube. This 3D construct of the pulmonary vessels contains thousands of data points of vascular diameters, which are measured in a radial fashion from the centerline tree.
To validate this method, Samarage et al. 74 performed a traditional angiogram with a contrast injection via a right internal jugular catheter in five mice. They were able to obtain high-resolution images of the angiograms by taking advantage of the phase contrast approach on a propagationbased X-ray source (Fig. 4a and b) . These researchers then performed phase contrast CT scans in the same mice without the use of IV contrast (which clears quickly from mice) and reconstructed the vascular trees as described above (Fig.  4c and d) . They identified the same vessels on the angiogram and the non-contrast reconstructed vascular trees for each mouse and compared vessel diameter measurements between the two methods (Fig. 4e) . Over 490 vessels were measured, with an excellent correlation (R 2 ¼ 0.85) between diameter measurements obtained from the traditional angiography approach and the non-contrast reconstruction of the vascular tree. 74 We are now applying this non-contrast vascular reconstruction technique, termed ''contrast-free pulmonary angiography,'' to the analysis of vascular responses to acute lung injury and acute hypoxia. Other obvious applications include measuring vasculopathy-and responses to therapies-in mouse and rat models of PH. This is possible because the imaging approach is non-invasive and non-lethal, allowing repeat observations and measurements in the same animal over time.
Airway motion over the respiratory cycle during prolonged mechanical ventilation
We are able to quantify how lung tissue and airways move during the respiratory cycle in small animals by PIV analysis as described above. Additionally, we can use filtering and skeletonization image analysis to segment the airways, similar to the approach we used for contrast-free pulmonary angiography. We employed this approach in a murine model of two-hit acute lung injury (with intratracheal LPS and mechanical ventilation) and found that the large airways expanded during inspiration on positive pressure ventilation ( Fig. 5a and b) . We imaged each mouse again after 5 h of mechanical ventilation and found that the large airways showed significantly increased expansion over the respiratory cycle, independent of LPS treatment ( Fig. 5d  and e) . Interestingly, we noted that although the total tidal volumes did not change, the distribution of the tidal volumes shifted from expansion of the parenchyma to expansion of the airways (Fig. 5g) . 75 Our team first noticed this phenomenon by visual inspection of 3D tissue expansion maps generated by PIV analysis. This example not only demonstrates the value of visual data in generating hypotheses, but also the power of this technique for quantifying changes in airway volumes on the scale of microliters and its novel ability to detect changes in lung function that are not revealed by global pulmonary function tests. Potential applications of the airway expansion analysis include determinations of airway volumes and compliance in murine models of airway disease such as asthma or bronchopulmonary dysplasia.
Summary
X-ray-based phase contrast imaging takes advantage of the enhanced contrast generated by air-tissue interfaces and therefore is ideal for in vivo imaging in small animal models of lung diseases. The high-resolution images created by phase contrast X-ray imaging permit sophisticated image analysis techniques such as particle image velocimetry, which measures tissue expansion over the respiratory cycle on a voxel-by-voxel basis. Segmentation approaches can be applied to phase contrast CT scans to generate 3D 75 reconstructions of the pulmonary vasculature and airways, allowing detailed quantitative assessments of vessel diameters and airway volumes. Furthermore, propagationbased X-rays can now be generated outside of a synchrotron setting, allowing for widespread use of these techniques by researchers. This non-invasive and non-lethal imaging can be performed repeatedly in the same animal over spans of hours, days, or weeks. One aspect of this imaging that requires further investigation is the impact of radiation exposure, which, similar to conventional micro-CT approaches, may be a source of toxicity, especially in animals with DNA-repair defects (David Habiel and Cory Hogaboam, personal communication 2017); we are actively exploring this as a potential caveat to multiple repeated exposures, in particular for long time courses when such an effect may be of consequence. Nevertheless, this technology provides a powerful new tool for quantitative and longitudinal analysis in pre-clinical models of lung disease. Future applications include assessments of pulmonary vasculopathies such as PH, airway diseases such as asthma, and parenchymal diseases such as acute lung injury and pulmonary fibrosis.
